DIVARICATA AND RADIALIS INTERACTING FACTOR (DRIF) from snapdragon (Antirrhinum majus) is a MYB/ SANT protein that interacts with related MYB/SANT proteins, RADIALIS and DIVARICATA, through its N-terminal MYB/SANT domain. In addition to the MYB/SANT domain, DRIF contains a C-terminal domain of unknown function (DUF3755). Here we describe novel protein-protein interactions involving a poplar (Populus trichocarpa) homolog of DRIF, PtrDRIF1. In addition to interacting with poplar homologs of RADIA-LIS (PtrRAD1) and DIVARICATA (PtrDIV4), PtrDRIF1 interacted with members of other families within the homeodomain-like superfamily, including PtrWOX13c, a WUSCHEL-RELATED HOMEOBOX protein, and PtrKNAT7, a KNOTTED1-LIKE HOMEOBOX protein. PtrRAD1 and PtrDIV4 interacted with the MYB/SANTcontaining N-terminal portion of PtrDRIF1, whereas DUF3755 was both necessary and sufficient for interactions with PtrWOX13c and PtrKNAT7. Of the two MYB/SANT domains present in PtrDIV4, only the N-terminal MYB/SANT domain interacted with PtrDRIF1. GFP-PtrDRIF1 expressed alone or with PtrRAD1 localized to the cytoplasm, whereas co-expression of GFP-PtrDRIF1 with PtrDIV4, PtrWOX13c or PtrKNAT7 resulted in nuclear localization of GFP-PtrDRIF1. Modified yeast two-hybrid (Y2H) and bimolecular fluorescence complementation (BiFC) experiments using PtrDRIF1 as a bridge protein revealed that PtrDRIF1 simultaneously interacted with PtrRAD1 and PtrWOX13c, but could not form a heterotrimeric complex when PtrDIV4 was substituted for PtrRAD1. Moreover, a Y2H competition assay indicated that PtrKNAT7 inhibits the interaction between PtrRAD1 and PtrDRIF1. The discovery of an additional protein-protein interaction domain in DRIF proteins, DUF3755, and its ability to form heterodimers and heterotrimers involving MYB/SANT and wood-associated homeodomain proteins, implicates DRIF proteins as mediators of a broader array of processes than previously reported.
INTRODUCTION
Plant organ polarity and morphology depend on the interactions of a variety of transcription factors (TFs). For example, the bilateral symmetry of snapdragon (Antirrhinum majus) flowers is regulated by five TFs: CYCLOIDEA (CYC), DICHOTAMA (DICH), RADIALIS (RAD), DIVARICATA (DIV) and DIVARICATA and RADIALIS INTERACTING FACTOR (DRIF). CYC and DICH are two partially redundant TFs belonging to the TEOSINTE BRANCHED 1, CYCLOIDEA, PCF1 (TCP) family. CYC and DICH promote the expression of RAD, and together these three genes specify dorsal identity, whereas DIV promotes ventral identity in snapdragon flowers (Luo et al., 1996; Almeida et al., 1997; Luo et al., 1999; Corley et al., 2005; Galego and Almeida, 2007;  recently reviewed by Hileman, 2014) . Although the expression of RAD is limited to the dorsal region, DIV is expressed in both dorsal and ventral regions of the flower (Raimundo et al., 2013) ; however, as proposed by Raimundo et al. (2013) , RAD protein prevents DIV from promoting ventral identity in the dorsal region by competing with DIV for interaction with DRIF. As a result of this competition, transcriptional activation mediated by the DIV-DRIF heterodimer occurs only in the ventral region, whereas the DRIF protein is sequestered in a transcriptionally inactive RAD-DRIF heterodimer in the dorsal region.
RADIALIS (RAD) possesses a single MYB/SANT domain and no other known conserved domains. DRIF proteins contain a single MYB/SANT domain, located in the N-terminal half, and a DUF3755 domain near the C terminus. DIV includes two MYB/SANT domains, with the N-terminal MYB/SANT domain sharing a higher degree of similarity with the single MYB/SANT domain of RAD and DRIF, whereas the second MYB-like domain in DIV corresponds to the SHAQKY class of MYB/SANT domain proteins (Rose et al., 1999) . MYB family TFs are known to form dimers (Lu et al., 2002) . Work with snapdragon RAD, DIV and DRIF, and homologous proteins from Solanum lycopersicum (tomato; FSM1, MYBI and FSB1, respectively), has shown that the single MYB/SANT domain in RAD and DRIF and the N-terminal MYB/SANT domain in DIV antagonistically mediate the formation of the RAD-DRIF and DIV-DRIF heterodimers, whereas the second MYB/SANT domain in DIV binds to I-box consensus DNA sequences to activate target genes (Rose et al., 1999; Machemer et al., 2011; Raimundo et al., 2013) .
Although current understanding of RAD and DIV functions are derived mainly from investigations of floral bilateral symmetry in snapdragon, divergent roles for RAD homologs have come to light from work with Arabidopsis and tomato. Overexpression of the Arabidopsis RAD homolog RSM1 resulted in defects in gravitropism and altered morphology of dark-grown seedlings, including failure to form the apical hook and reduction in hypocotyl length, phenotypes similar to those of the HOOKLESS1 loss-of-function mutant, hls1-1 (Hamaguchi et al., 2008) . Overexpression of the tomato RAD homolog FSM1 led to a loss of apical dominance and growth retardation in tomato and Arabidopsis (Barg et al., 2005) . Overexpression of FSM1 also reduced tomato fruit size through the suppression of cell expansion in the pericarp, potentially as a result of competition between FSM1 and the tomato DIV homolog, MYBI, for binding to the tomato DRIF homolog, FSB1 (Machemer et al., 2011) . Considered together, the work with snapdragon, tomato and Arabidopsis implicates antagonistic RAD-DRIF and DIV-DRIF dimer formation in the control of plant growth and morphology, potentially through the regulation of differential cell growth.
As part of our continuing efforts to identify and characterize novel protein-protein interactions among regulatory proteins associated with wood formation in poplar (Petzold et al., 2017) , we used the yeast two-hybrid (Y2H) system to screen a poplar xylem cDNA library for proteins that interact with PtrRAD1, a poplar homolog of RAD that is upregulated in xylem (Rodgers-Melnick et al., 2012) . Consistent with previous investigations involving RAD, PtrRAD1 interacted with a poplar homolog of DRIF (PtrDRIF1), and PtrDRIF1 interacted with multiple poplar homologs of DIV. Surprisingly, PtrDRIF1 also interacted with additional homeodomain (HD)-like superfamily members, PtrWOX13c and PtrKNAT7, not previously identified as DRIF interactors. Functions for PtrWOX13c have not been reported, although it is known to be highly upregulated in poplar xylem relative to other tissues (Rodgers-Melnick et al., 2012) . PtrKNAT7 is likewise highly upregulated in xylem and appears to function similarly to the Arabidopsis KNAT7 gene (Li et al., 2012) . Arabidopsis KNAT7 is a transcriptional repressor involved in the negative regulation of secondary cell wall formation in xylem (Liu et al., 2014a) . KNAT7 functions are partly dependent on heterodimerization with the BELL1-LIKE HOMEODOMAIN protein BLH6. Here we show that these newly identified DRIF-binding proteins (PtrWOX13c and PtrKNAT7) interact with DUF3755 within the C-terminal portion of PtrDRIF1. DUF3755 was not previously known as a protein-protein interaction domain. Additionally, we demonstrate that PtrDRIF1 can form a heterotrimer with PtrRAD1 and PtrWOX13c. These findings expand the possibilities for DRIF-mediated regulation of gene expression beyond those previously reported, for snapdragon and tomato DRIF proteins that form heterodimers with RAD or DIV.
RESULTS

MYB/SANT and HD family proteins interact with PtrDRIF1
The potential for RAD-DRIF and DIV-DRIF heterodimers to regulate cell expansion, a critical component of wood quality, together with the observation that PtrRAD1 is upregulated in xylem prompted us to perform a Y2H screen for PtrRAD1-interacting proteins in a poplar xylem cDNA library. Consistent with previous reports for homologous proteins from tomato and snapdragon (Machemer et al., 2011; Raimundo et al., 2013) , this Y2H screen identified PtrDRIF1 as a PtrRAD1 interactor (Petzold et al., 2017; Figure S1 ; Table S1 ). To determine whether PtrDRIF1 interacted with DIV homologs, we performed a second round of Y2H screening using PtrDRIF1 as bait and recovered a clone for PtrDIV4 (Figure 1 ). Additional PtrDIV homologs, PtrDIV1, PtrDIV5 and PtrDIV6, were tested by binary Y2H assays, and all interacted with PtrDRIF1 (Figures S1 and S2; Table S2 ). In addition to confirming the previously reported RAD-DRIF and DIV-DRIF interactions, the Y2H xylem cDNA library screens yielded clones for two HD family proteins belonging to the ancient clade of WUSCHEL-RELATED HOMEOBOX (WOX) genes, PtrWOX13c and PtrWOX13a (Figures 1b and S1 ; Liu et al., 2014a; Petzold et al., 2017) . PtrWOX13c is highly upregulated in poplar xylem (Rodgers-Melnick et al., 2012) , although its function is currently unknown. To explore the potential diversity of interactions between PtrDRIF1 and HD proteins, several additional HD proteins were tested in binary Y2H assays for interaction with PtrDRIF1. These included representatives of the ancient, intermediate and modern WOX proteins, TALE protein family members from class-I and -II KNOTTED1-LIKE HOMEOBOX (KNOX) and BEL1-LIKE HD (BLH) proteins, and class-III HD-ZIP proteins ( Figure S1 ; Table S2 ). Of these, only the remaining ancient WOX protein, PtrWOX13b, PtrKNAT7 and an additional member of the class-II KNOX proteins (PtrKNAT3a) interacted with PtrDRIF1 (Figures 1 and S1 ; Table S2 ). Analysis of spatially detailed expression data from across the poplar secondary stem (Immanen et al., 2016) revealed that genes encoding PtrDRIF1 interactors were upregulated in developing xylem ( Figure 1a ; Table S3 ). In contrast, PtrDRIF1 was expressed at a similar level across the stem (Table S3) .
The newly discovered DRIF-HD protein interactions were independently tested using GST-and GFP-fusion proteins for pull-downs. As a positive control, we confirmed the previously reported DRIF-RAD interaction using GSTPtrDRIF1 and GFP-PtrRAD1 (Figure 2a) . In contrast to our experience with GFP-PtrRAD1, we found that PtrWOX13c and PtrKNAT7 were produced more efficiently as GST fusions than as GFP fusions. Hence, GST-PtrWOX13c and GST-PtrKNAT7 were bound to glutathione beads and used to show that GFP-PtrDRIF1 specifically bound to both HD proteins (Figure 2b and c) . Despite the use of protease inhibitors in tobacco leaf extracts, GFP-PtrDRIF1 breakdown products were routinely detected in input lanes, and these varied in abundance and profile among biological replicates of GFP-PtrDRIF1 expression. Notably, however, PtrWOX13c or PtrKNAT7 bound selectively to full-length PtrDRIF1, not the breakdown products thereof. Figure 3 shows the domain organization for PtrDRIF1, PtrRAD1, PtrDIV4, PtrWOX13c and PtrKNAT7. Interestingly, neither PtrWOX13c nor PtrKNAT7 contains the MYB/SANT domain known to mediate FSM1-FSB1 and MYBI-FSB1 interactions (Machemer et al., 2011) . To identify the PtrDRIF1 domain that mediates interactions with PtrWOX13c and PtrKNAT7, we performed Y2H assays with truncated versions of PtrDRIF1 designed to separate the MYB/SANT domain from the DUF3755-containing C-terminal region. We found that the MYB/SANT-containing PtrRAD1 and PtrDIV4 proteins interacted with the MYB/ SANT-containing N terminus of PtrDRIF1 (PtrDRIF1 1-100 ),
but not with the DUF3755-containing C terminus (PtrDRIF1 101-238 ), consistent with previous work using homologous tomato proteins (Machemer et al., 2011) . In contrast, both PtrWOX13c and PtrKNAT7 required the C-terminal portion of PtrDRIF1 for interaction ( Figure 1b) . To determine whether DUF3755 played a role in the observed interactions between the C-terminal portion of PtrDRIF1 and PtrKNAT7 or PtrWOX13c, additional deletions of DB-PtrDRIF1 were tested by Y2H (Figure 4a ). Extending the aforementioned N-terminal deletion (PtrDRIF1 101-238 ; Figure 1 ) to eliminate all but DUF3755 and the remaining C-terminal amino acids (PtrDRIF1 178-238 ) revealed that these 61 amino acids were sufficient for the interaction with PtrWOX13c and PtrKNAT7. The deletion of just 11 additional amino acids (PtrDRIF1 189-238 ), however, eliminating one of two highly conserved Asn residues in DUF3755 ( Figure S3) (Figure 4) . Together, the Y2H results for PtrDRIF1 deletions indicate that DUF3755 is both necessary and sufficient for interactions with PtrWOX13c and PtrKNAT7, although the DUF3755 interaction with the latter appears weakened in the absence of the C terminus of PtrDRIF1.
Bimolecular fluorescence complementation (BiFC) was also used to test the ability of DUF3755 to interact with PtrWOX13c and PtrKNAT7 during transient co-expression in Nicotiana benthamiana (tobacco). The expression of either p35S::DUF3755-NV210-35S::PtrWOX13c-CV210 or p35S::PtrDUF3755-NV210-35S::PtrKNAT7-CV210 (for further explanation of the BiFC vector, see Experimental procedures) resulted in nuclear YFP signal. The negative control vector containing p35S::PtrDUF3755-NV210-35S:: PtrDIV4-CV210 lacked the PtrDRIF1 MYB/SANT domain necessary for the PtrDRIF1-PtrDIV4 interaction, and, as expected, did not reconstitute detectable YFP (Figure 4b ). Substitution of full-length PtrDRIF1 for the lone DUF3755 domain in this latter vector yielded nuclear YFP signal, demonstrating that although PtrDIV4 is functional in this BiFC assay, it does not interact with DUF3755, as indicated in Figure 1b . Overall, these BiFC results indicate that DUF3755 is sufficient for interactions with the HD proteins PtrWOX13c and PtrKNAT7, but not for the interaction with PtrDIV4, consistent with Y2H results in Figures 1b and 4a.
Both PtrWOX13c and PtrKNAT7 were tested by deletion analyses in Y2H assays for interaction with full-length PtrDRIF1. The only known conserved domain within PtrWOX13c is the HD (Figure 3 ). The PtrWOX13c HD alone was not sufficient for interaction with PtrDRIF1 ; Figure 4c ). PtrKNAT7 is a multi-domain protein comprising KNOX1 and KNOX2 (both within the MEINOX domain) in its N-terminal half and ELK and HD domains in its C-terminal half ( Figure 3 ). Figure 4d shows that only full-length PtrKNAT7 1-302 and PtrKNAT7 84-302 (lacking KNOX1) were sufficient for growth on -His and -Ade selection when co-expressed with PtrDRIF1. The KNOX2 domain was necessary (PtrKNAT7 ) but not sufficient (PtrKNAT7 ). Eliminating the HD (PtrKNAT7 ) abolished yeast growth on selection media, whereas the ELK plus HD together (PtrKNAT7 ) were not sufficient. In (a) GFP-PtrRAD1 bound specifically to GST-PtrDRIF1, not to GST alone. The inset in (a) shows Coomassie-stained GST bound to glutathione beads, representing aliquots used for GST controls in all panels. Immunoreactive bands of lower molecular mass (asterisks in b and c) are partial GFPPtrDRIF1 proteins. Input lanes contained 0.5% of total plant extract incubated with glutathione beads. For all GST-fusion proteins and GST-only lanes, 5% of the total glutathione bead bed volume was loaded. GFP fusion proteins were detected with anti-GFP antibody for all panels. summary, only KNOX1 was expendable, and it appears that KNOX2, HD and possibly the ELK domains together are necessary for the interaction with PtrDRIF1. The results for Y2H analyses of deletions of PtrWOX13C and PtrKNAT7 were similar in that co-expression of the HD with PtrDRIF1 was not sufficient to allow yeast growth on selection media. Instead, an N-terminal flanking region combined with at least a portion of the HD was both necessary and sufficient for the interaction with PtrDRIF1.
Co-expression of PtrDRIF1 with its interactors alters PtrDRIF1 subcellular localization
Work by Raimundo et al. (2013) indicated that the snapdragon RAD-DRIF1 interaction led to the sequestration of DRIF1 in the cytosol, whereas DRIF1 was localized to the nucleus upon interaction with DIV. Using transient expression in tobacco, we studied the effects of PtrRAD1, PtrDIV homologs, PtrWOX13c and PtrKNAT7 on GFP-PtrDRIF1 localization. GFP-PtrDRIF1 alone was localized mainly to the cytosol, but was also detectable at low levels in the nucleus of a small proportion of cells (Figure 5a ). Coexpression of PtrRAD1 with GFP-PtrDRIF1 resulted in a shift of GFP-PtrDRIF1 from its mainly cytosolic localization pattern to numerous vesicles of various sizes. In contrast, co-expression of GFP-PtrDRIF1 and any of the four PtrDIV homologs resulted in a near complete shift of the GFP signal from the cytosol to the nucleus (Figures 5a and S4 ), consistent with previous work with snapdragon DIV and DRIF1 or DRIF2 (Raimundo et al., 2013) . PtrWOX13c and PtrKNAT7 were also able to shift GFP-PtrDRIF1 localization to the nucleus (Figure 5a ). Together, the results from pulldown (Figure 2 ), BiFC ( Figure 4 ) and re-localization of GFPPtrDRIF1 ( Figure 5 ) experiments indicate that PtrDRIF1 can interact with PtrRAD1, PtrDIV homologs, PtrWOX13c and PtrKNAT7 in plant cells. Moreover, the distinct re-localization patterns observed for the PtrRAD1/GFP-PtrDRIF1 combination, compared with all other combinations, suggests that PtrRAD1 has the potential to mediate the availability of PtrDRIF1 not only for interactions with PtrDIV proteins, as reported for homologous snapdragon proteins, but also for interactions with PtrWOX13c and PtrKNAT7.
PtrDRIF1 forms a heterotrimer with PtrRAD1 and PtrWOX13
Both DIV and RAD proteins compete for the same MYB/ SANT domain when binding to DRIF proteins (Machemer et al., 2011; Raimundo et al., 2013) ; however, as the HD protein PtrWOX13c binds to DUF3755, it is possible that PtrWOX13c could bind to PtrDRIF1 simultaneously with PtrRAD1 or PtrDIV proteins, forming heterotrimers. We tested for heterotrimers consisting of PtrRAD1 and PtrWOX13c (the two smallest PtrDRIF1-binding proteins; Figure 3 ) with PtrDRIF1 using a modified Y2H-bridge (Y2HB) assay, wherein PtrRAD1 and PtrWOX13c were fused to the GAL4 DB and AD domains, respectively, and PtrDRIF1 was fused to a nuclear localization sequence (NLS) only ( Figure 6 ). The combination of DB-PtrRAD1 and AD-PtrWOX13c in the presence of the empty NLS vector did not activate His or Ade reporters, indicating that PtrRAD1 and PtrWOX13c do not interact. NLS-PtrDRIF1 and DB-PtrRAD1, in the presence of empty AD vector, also failed to activate reporters, confirming that NLS-PtrDRIF1 is not an autoactivator. Only when yeast was co-transformed with DB-PtrRAD1, AD-PtrWOX13c and NLS-PtrDRIF1 were reporters activated, indicating that PtrDRIF1 interacted with PtrRAD1 and PtrWOX13c simultaneously, thereby serving as a bridge between these two non-interacting proteins. In contrast, when heterotrimer formation was tested using DB-PtrDIV5 substituted for DB-PtrRAD1, yeast growth was not observed (Figure 6a ). When PtrDIV5 was truncated to eliminate the C-terminal MYB/SANT domain, however, yeast growth in the presence of all three proteins (NLSPtrDRIF1, DB-PtrDIV5 1-97 and AD-PtrWOX1c) was observed.
PtrDIV5 possessing only the C-terminal MYB/SANT domain (DB-DIV5 97-199 ) did not support yeast growth in the presence of NLS-PtrDRIF1 and AD-PtrWOX13c (Figure 6a ). The formation of the PtrDRIF1-PtrRAD1-PtrWOX13c heterotrimer was also observed in tobacco cells, using PtrDRIF1 in a modified BiFC bridge assay (BiFCB). YFP was detected only when PtrDRIF1 was co-expressed with PtrRAD1-CYFP and PtrWOX13c-NYFP (Figures 6b and S5) . YFP was localized to nuclei (Figure 6b ), indicating that PtrWOX13c and not PtrRAD1 determined the subcellular location of the PtrRAD1-PtrDRIF1-PtrWOX13c heterotrimer ( Figure 5 ).
PtrKNAT7 disrupts the PtrRAD1-PtrDRIF1 interaction
That the PtrWOX13c-PtrDRIF1 interaction was detectable in the presence of PtrRAD1, consistent with heterotrimer formation, but not in the presence of the larger MYB/SANT homolog PtrDIV5 (Figure 6 ), implicates protein size as an important factor determining the composition of protein complexes involving PtrDRIF1. Although both PtrKNAT7 and PtrWOX13c interact with DUF3755, PtrKNAT7 is substantially larger than PtrWOX13c (Figure 3) . Thus, analogous to the negative effect of PtrDIV5 on the PtrDRIF1-PtrWOX13c interaction (Figure 6 ), PtrKNAT7 may negatively influence the PtrDRIF1-PtrRAD1 interaction. A Y2H competition assay was performed to assess the impact of PtrKNAT7 on the PtrDRIF1-PtrRAD1 interaction. The two interacting proteins, PtrRAD1 and PtrDRIF1, were fused to GAL4 DB and AD domains, respectively, whereas PtrKNAT7 was fused to NLS. The combination of DBPtrRAD1, AD-PtrDRIF1 and NLS-PtrKNAT7 showed a strong negative effect on yeast growth on -His medium, and completely prevented growth on -Ade medium, in contrast to results for the NLS vector control (Figure 7) . In a similar Y2H competition assay substituting AD-PtrKNAT7 for NLSPtrKNAT7, yeast growth was inhibited in the presence of AD-PtrKNAT7, DB-PtrRAD1 and AD-PtrDRIF1, compared with DB-PtrRAD, AD-PtrDRIF1 and AD vector control (Figure S6) . The decrease in PtrRAD1-PtrDRIF1-mediated yeast growth in the presence of PtrKNAT7 (Figures 7 and S6) , despite the fact that PtrRAD1 and PtrKNAT7 bind to distinct regions of PtrDRIF1 (Figure 1 ), indicates that PtrKNAT7 inhibits the interaction between PtrRAD1 and PtrDRIF1 through steric hindrance or another currently unknown mechanism, rather than by competitive binding.
DISCUSSION
The relative abundance of RAD and RAD-DRIF heterodimers as antagonists of DIV-DRIF heterodimer formation and activity is likely to play an important role in the regulation of asymmetric floral development and tomato fruit cell expansion (Machemer et al., 2011; Raimundo et al., 2013) . Asymmetric development and cell expansion are also important to the production of secondary xylem and phloem. PtrRAD1 is expressed at a higher level in xylem relative to other poplar tissues examined by Rodgers-Melnick et al. (2012) . Hence, we investigated whether proteinprotein interactions involving poplar homologs of RAD, DIV and DRIF were conserved, and might therefore be logical subjects for future functional analyses in the context of wood formation. As was the case for homologous proteins from tomato and snapdragon, PtrRAD1 interacted with PtrDRIF1, which also interacted with several PtrDIV homologs (Table S2 ). These interactions were mediated through their shared MYB/SANT domain, as shown previously for homologous proteins from tomato and snapdragon (Machemer et al., 2011; Raimundo et al., 2013 (Table S2 ). Using PtrWOX13c and PtrKNAT7 as representatives of these clades, we performed in vitro pull-down and BiFC assays, and independently confirmed their interactions with PtrDRIF1 (Figures 2 and 4) .
A deletion analysis by Y2H partly resolved the necessary and sufficient domains in both PtrDRIF1 and its newly discovered interactors, PtrWOX13c and PtrKNAT7 (Figures 1  and 4 ). Importantly, it was shown that DUF3755 was sufficient for interactions with PtrWOX13c and PtrKNAT7, and that these HD proteins did not interact with the MYB/ SANT-containing N-terminal 100-amino-acid portion of PtrDRIF1 that was, on the other hand, sufficient for interactions with PtrRAD1 and PtrDIV4. DUF3755 was not previously known to mediate protein-protein interactions. Additionally, PtrWOX13c and PtrKNAT7 both required at least part of their HD and flanking N-terminal amino acids for interactions with PtrDRIF1. The HD forms a characteristic structure of three alpha helices for DNA binding. Hence, it may not be directly engaged in protein-protein interactions. Rather the HD may influence the folding of adjacent domains or improve protein stability, thereby indirectly favoring protein-protein interactions mediated through other motifs within the N-terminal flank of the HD.
The discovery of a second protein-protein interaction domain in PtrDRIF1 raised the possibility that PtrDRIF1 could serve as a scaffold for transcription factor complexes involving MYB/SANT and HD proteins that do not directly interact. Y2HB, BiFCB and Y2H competition assays were used to test various combinations of MYB/SANT, HD proteins and PtrDRIF1 for interactions (summarized in Figure 8) . We determined that PtrDRIF1 was able to bind PtrRAD1 and PtrWOX13c simultaneously, but could not form a heterotrimer with PtrDIV5 and PtrWOX13c. The removal of the C-terminal MYB/SANT domain of PtrDIV5, however, creating PrtDIV5 1-97 , allowed both PrtDIV5 and PtrWOX13c to bind to PtrDRIF1 in heterotrimer formation in Y2HB assays (Figure 6 ). Steric hindrance may have prevented the larger PtrDIV5 protein from forming a heterotrimer with PtrDRIF1 bound to PtrWOX13c, and may also explain why PtrKNAT7 apparently interfered with the interaction between PtrRAD1 and PtrDRIF1 in Y2H competition assays (Figure 7) . The discovery that PtrWOX13c and PtrDIV proteins do not simultaneously bind to PtrDRIF1 suggests that PtrWOX13c, similar to RAD, can antagonize DIV-DRIF dimerization. Distinct from the proposed RADbased antagonism of DIV-DRIF dimerization, however, which includes the sequestration of a large proportion of cytosolic RAD-DRIF from nuclear DIV, the PtrWOX13c-PtrDRIF1 interaction was linked with nuclear localization, and not with retention in the cytosol ( Figure 5 ). PtrKNAT7 is implicated in the control of wood formation by both its relatively high level of expression in wood tissue (Rodgers-Melnick et al., 2012; Figure 1a ) and the observation that overexpression of PtrKNAT7 in Arabidopsis rescued loss-of-function irregular xylem 11/knat7-1 mutants (Brown et al., 2005; Li et al., 2012) . KNAT7 has been described as a transcriptional repressor that negatively regulates cell wall biosynthesis in xylem and the seed coat. Transcriptional repression by KNAT7 is enhanced by its interaction with a diverse set of transcriptional regulators, including Ovate Family Protein 4 (OFP4), MYB75 and BLH6 (Li et al., 2012; Bhargava et al., 2013; Liu et al., 2014b) . The MEINOX domain, in particular the included KNOX2 domain, was necessary and in some cases sufficient for interactions between KNAT7 and its partners. In the case of OFP4, the HD was also sufficient to support interaction (Li et al., 2011) . These findings for KNAT7 are partly in agreement with those reported here for PtrKNAT7 in that the combined KNOX2 and HD regions were necessary for the PtrDRIF1-PtrKNAT7 interaction (Figure 4) . In contrast with results for KNAT7 deletions, neither the MEINOX nor the HD from PtrKNAT7 was sufficient by itself to support the interaction with PtrDRIF1 (Figure 4) . PtrDRIF1 is an interesting addition to the growing list of proteins that interact with KNAT7. Moreover, that the coexpression of PtrKNAT7 was linked with the movement of GFP-PtrDRIF1 from the cytosol to the nucleus during transient expression in tobacco indicates that the PtrKNAT7-PtrDRIF1 heterodimer may influence PtrKNAT7 function as a transcriptional regulator ( Figure 5) .
The WOX genes participate in a diverse array of processes, including embryogenesis, meristem maintenance, floral organ formation and lateral organ development in seed plants (reviewed by van der Graaff et al., 2009), and stem cell regeneration and expansion in Physcomitrella patens (Sakakibara et al., 2014) . PtrWOX13c is predicted to be involved in secondary cell wall formation by virtue of its relatively high level of expression in poplar wood-forming tissue (Rodgers-Melnick et al., 2012; Figure 1a ) and the reported functions of Arabidopsis WOX13 (AT4G35550; Figure S1 ). WOX13 is expressed in the replum, a meristematic tissue found in Arabidopsis fruits (siliques). Lignification of silique valve margins, which facilitates the detachment of valves from the replum, and thus silique dehiscence, decreased in 35S:WOX13 plants and increased in wox13 loss-of-function plants. Replums were enlarged in 35S:WOX13 transgenics, possibly as a result of increased cell proliferation induced by WOX13 overexpression (Romera-Branchat et al., 2013) . Among the modern, intermediate and ancient WOX proteins tested by Y2H for this report, only the latter interacted with PtrDRIF1 in Y2H.
Ancient WOX proteins lack the conserved repressor domain (WUS box) found in members of the modern clade (Lin et al., 2013) . Therefore, WOX13 may function as a transcriptional activator that negatively regulates differentiation (including lignification) indirectly, through the positive regulation of proliferation, and possibly expansion, of stem cells (Deveaux et al., 2008; Romera-Branchat et al., 2013; Sakakibara et al., 2014) . The proliferation of vascular cambium cells is a critical factor affecting wood quantity, whereas the expansion of vessel elements derived from cambium cells is a determinant of wood density and hydraulic conductivity. The extent of xylem vessel expansion is partly determined by the timing of the onset of deposition of the secondary cell wall, which prevents further cell expansion largely through extensive lignin cross-linking. The regulatory mechanisms controlling the transition from vascular cambium cell division to vessel element expansion to lignocellulose deposition are the subjects of intensive investigation in Arabidopsis (Hirakawa et al., 2008 (Hirakawa et al., , 2010 Whitford et al., 2008; Etchells and Turner, 2010; Ji et al., 2010; Suer et al., 2011; Kondo et al., 2014) . The existence of major distinctions in secondary xylem phenology in trees versus herbaceous plants warrants continued research, however, with additional models for wood formation. Although a role for WOX13 in secondary xylem has not been reported, its action in the replum provides clues to the potential function of PtrWOX13c in wood formation. Specifically, putative functional conservation with WOX13 combined with wood-associated expression implicates PtrWOX13c as a positive regulator of vascular cambium proliferation and negative regulator of the lignification of xylem cells. The antagonistic RAD-DRIF/DIV-DRIF regulatory system is implicated in the control of the expansion of cells in tomato fruit (Machemer et al., 2011) , and the poplar orthologs of these proteins may perform similar roles in the context of wood formation. It will be interesting to determine in future studies whether the newly discovered PtrDRIF1 interactors, PtrWOX13c and PtrKNAT7, are components of a PtrDRIF1-mediated xylem regulatory module for integrating cambium cell proliferation, versus commitment to differentiation (PtrWOX13c), with the extent of vessel expansion (PtrRAD1 and PtrDIV) regulated by the timing of lignification (PtrKNAT7).
EXPERIMENTAL PROCEDURES Yeast two-hybrid assay
Cloning of open reading frames (ORFs) in the entry vector pENTR TM /D-TOPO and subsequent LR Clonase reactions with Y2H destination vectors pDB-Dest and pAD-Dest (Walhout and Vidal, 2001) were performed according to the manufacturer's instructions (Invitrogen, now ThermoFisher Scientific, https://www.ther mofisher.com). Primers are listed in Table S4 . Inserts were sequenced in pENTR vectors. Preparation of competent yeast (Saccharomyces cerevisiae) strain Y8800 MATa or MV203a cells by LiAc method and yeast transformation were carried out according to the Yeast Protocols Handbook (BD Biosciences, http:// www.bdbiosciences.com). After 2-3 days, transformed yeast cells were harvested and washed three times in sterile water. For Y2H assays, yeast cells (5 ll; OD 600 = 1, 0.1 or 0.01) were spotted on synthetic drop-out (SD) medium lacking: tryptophan and leucine (SD ÀTrp -Leu); tryptophan, leucine and histidine (SD ÀTrp -Leu ÀHis); or tryptophan, leucine and adenine (SD ÀTrp -Leu ÀAde). All proteins cloned in pDB-Dest vectors were tested for autoactivation on SD ÀTrp -Leu ÀHis medium. Autoactivators were used either exclusively as clones in pAD-Dest vectors or, in the case of minimal autoactivation, as observed for DB-PtrDRIF1, background yeast growth on SD ÀTrp -Leu ÀHis media was suppressed through the addition of 3-amino-1,2,4-triazole (3AT). Assays with DB-PtrDRIF1 used 20 mM 3AT. Protein-protein interactions and results from deletion analyses were verified in two or more replicated assays. The results for the Y2HB and Y2H competition experiments were verified four times. pAD-kanMX was created to provide a third selectable marker for Y2H assays involving three vectors by replacing TRP1 in pAD-Dest with the kanMX cassette for geneticin (G418) resistance, via homologous recombination. Specifically, PtrWOX13c was cloned in this vector for the Y2H bridge assay, whereas PtrDRIF1 and PtrKNAT7 were cloned in this vector for the Y2H competition assays. The kanMX cassette was amplified from pUG6 (Guldener et al., 1996) (GenBank: AF298793.1) using iProof high-fidelity DNA polymerase (Bio-Rad, http://www.bio-rad.com) with primers KanMXs and KanMXas, each composed of~20 nt homologous to the kanMX module and~40 nt homologous to the sequence upstream or downstream of the coding region of TRP1 in pADDest. The purified PCR product was co-transformed with purified Bsu36I-linearized pAD-Dest vector into yeast strain AH109 for gap repair. Yeast colonies were selected on YPD plates containing 200 mg L À1 G418. Yeast plasmid DNA was isolated using Zymoprep TM Yeast Plasmid Miniprep II (Zymo Research, https://www.zy moresearch.com) and transformed in Escherichia coli (One Shot ccdB survival competent cells; Invitrogen). Colonies were selected on LB plates containing 100 mg L À1 ampicillin. Plasmid DNA was isolated from E. coli using GenCatch TM Plasmid DNA Mini-Prep Kit (Epoch Life Science, http://www.epochlifescience.com).
pDAD-Dest was created as a Y2H vector backbone lacking the Gal4 AD while retaining the Gateway cassette for insertion of PtrDRIF1 (for Y2H bridge assays) or PtrKNAT7 (for Y2H competition assays) fused to the SV40 nuclear localization signal (NLS) (Dingwall and Laskey, 1991) . The pAD-Dest vector was doubledigested with AfeI and SmaI, releasing the Gateway cassette/Gal4 AD fragment. Homologous recombination was used to restore the Gateway cassette alone, as follows. The gateway cassette of pADDest was amplified by PCR using primers GC3s and GC3as (Table S3 ). The purified PCR product was co-transformed with purified linearized pAD-Dest vector into yeast AH109 for gap repair. Yeast colonies were selected on SD/-Trp plates. NLS-only (negative control), NLS-PtrKNAT7 and NLS-PtrDRIF1 were cloned into pENTR TM /D-TOPO using the primers listed in Table S3 , and subsequently into destination vector pDAD-Dest via LR clonase reaction. Inserts were sequenced in pENTR vectors.
Transient expression in tobacco
Gateway TM (Invitrogen) technology was used with vector pK7WG2 for the cloning of 35S::PtrRAD, 35S::PtrDIV1, 35S::PtrDIV4, 35S:: PtrDIV5, 35S::PtrDIV6, 35S::PtrWOX13c and 35S::PtrKNAT7, and with pK7WGF2 for the cloning of 35S:GFP-PtrDRIF1 and 35S::GFPPtrRAD1 (Karimi et al., 2005) . At 2-4 weeks of age, leaves of N. benthamiana plants were infiltrated with Agrobacterium tumefaciens strain GV3101 for 35S-directed expression of GFP-PtrDRIF1 plus vector alone (negative control) or GFP-PtriDRIF1 plus interacting proteins (35S::PtrRAD1, 35S::PtrDIV1, 35S::PtrDIV4, 35S:: PtrDIV5, 35S::PtrDIV6, 35S::PtrWOX13c and 35S::PtrKNAT7). A minimum of three independent replications were performed for all combinations. Leaves were analyzed for subcellular localization using fluorescence microscopy 48-72 h after inoculation. Results were documented using confocal microscopy.
Cloning, expression and purification of GST fusions
For expression in E. coli as GST-tagged proteins, ORFs for PtrDRIF1, PtrWOX13c and PtrKNAT7 were cloned into pGEM-T Easy (Promega, https://www.promega.com). Inserts were released by digestion with BamHI and XmaI, and ligated into pGEX 4T-1 (GE Healthcare, http://www.gehealthcare.com). GST fusions and GST alone were purified using GST SpinTrap TM columns according to the manufacturer's instructions (booklet 28-09523-59; GE Healthcare). Protein concentrations were determined using the BCA protein assay kit (23250; Pierce, now ThermoFisher Scientific). Equal levels of fusion proteins and GST controls were bound to the columns for pull-down assays.
Pull-down of GFP-tagged proteins
Pull-down experiments were conducted as described previously (Petzold et al., 2017) . Briefly, protein was extracted from tobacco leaves expressing GFP-tagged proteins by homogenizing 0.1 g of leaf tissue in 1 ml of freshly prepared IP buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% (v/v) NP-40, 5 mM b-mercaptoethanol, 1% (v/v) Halt protease cocktail; ThermoFisher Scientific]. Clarified supernatant (500 ll) was added to SpinTrap TM columns pre-loaded with either GST-fusion protein or GST only (negative control). Columns were washed with 15 bed volumes of buffer TBST [25 mM Tris-HCL, pH 7.5, 5 mM b-mercaptoethanol, 150 mM NaCl, 0.5% (v/ v) Tween-20, 1% (v/v) Halt protease cocktail]. Western blotting for the detection of bound GFP-tagged protein was performed using rabbit anti-GFP primary antibody (A11122; Invitrogen) and goat anti-rabbit-IgG conjugated to horseradish peroxidase (HRP; 4054-05; Southern Biotech, https://www.southernbiotech.com) as secondary antibody. Western blots were developed using ECL TM Prime Western Blotting Detection Reagents (RPN2232; GE Healthcare) according to manufacturer's instructions.
Bimolecular fluorescence complementation bridge experiments
To clone vectors used for BiFCB assays, the N-terminal and C-terminal portions of YFP were amplified from pSPYNE-35S and pSPYCE-35S, a gift from Klaus Harter (Walter et al., 2004) , using primers P501 N-YFPs, P502 N-YFPas, P503 C-YFPs and P504 C-YFPas (Table S3) . PCR products were cloned into pGEM-T Easy. NYFP and CYFP were then subcloned into pFGC5941 (http://www. snapgene.com/resources/plasmid_files/plant_vectors/pFGC5941) by digesting pGEM-NYFP or pGEM-CYFP with SacI, blunting the resulting 5 0 overhang with Klenow treatment, followed by digestion with XmaI and ligation into pFGC5941, providing multiple cloning sites XhoI, BamHI and SmaI upstream of the initiator Met of NYFP or CYFP, and generating p35S::-NYFP and p35S::-CYFP. The ORF of PtrRAD1 was cloned upstream of NYFP using the XhoI and BamHI restriction sites. The ORF of PtrWOX13c was cloned upstream of CYFP using the XhoI and BamHI restriction sites in p35S::-CYFP. The PtrDRIF1 bridge protein was cloned into binary vector pK7WG2, and empty pK7WG2 vector was used as a control. BiFCB assays were first visualized by fluorescence microscopy. Three biological replicates were compared to confirm results prior to documentation by confocal microscopy, as described in Petzold et al. (2017) . Transient expression in N. bethamiana for BiFC experiments was conducted as described above for GFP-fusion proteins.
Bimolecular fluorescence complementation analysis of DUF3755
The vector pDOE-01 (Arabidopsis Biological Resource Center, Stock no. CD3-1901) was previously described by Gookin and Assmann (2014) , and contains expression cassettes 35S::X-NmVenus210-35S::X-CVenus210. Cloning was performed using the InFusion â HD Cloning Kit (Clontech, http://www.clontech.com) using the primers listed in Table S3 for cloning directly into vector pDOE-01. The DUF3755 domain was cloned into pDOE-01 to create the parent vector p35S::PtrDUF3755-NV210-35S::X-CV210. Inframe fusions with CV210 in this parent vector background were constructed for PtrWOX13c, PtrKNAT7 and PtrDIV4, using the primers listed in Table S3 . A parent vector with full-length PtrDRIF1 was also prepared and paired with PtrDIV4, producing p35S::PtrDRIF1-NV210-35S::PtrDIV4-CV210. Tobacco leaves were infiltrated with Agrobacterium GV3101 cultures adjusted to OD 600 0.100, except for p35S::PtrDUF3755-NV210-35S::PtrDIV4-CV210 (negative control), which was inoculated at OD 600 0.150. Three biological replicates were compared to confirm the results, which were documented by confocal microscopy.
RNAseq data analysis
STAR mapped read files from Immanen et al. (2016) were obtained from the Array Express database under the accession number E-MTAB-4631. RNAseq data were processed and samples were labelled according to the protocol described by Petzold et al. (2017) . Read counts were obtained using CUMMERBUND analysis software (Goff et al., 2012) . Average fragments per kilobase of transcript per million mapped reads (FPKM), individual replicate FPKM values and standard errors for genes relevant to DRIF interactions are provided in Table S3 .
Phylogenetic analyses
The DRIF, RAD/DIV, KNOX and BELL family sequences were obtained from predicted proteome or protein databases by BLASTP, querying with representative family members (for source database and gene IDs, see Table S1 ). For each family, protein sequences were aligned using MUSCLE (Edgar, 2004) . For the RAD/ DIV group, a maximum-likelihood phylogenetic analysis was performed on the sequence alignment using the Jones-Taylor-Thornton (JTT) model, a site coverage cut-off of 90% for alignment gaps/missing data and 500 bootstraps for branch support testing with the program MEGA 6 (Tamura et al., 2013) . All other trees were inferred using the neighbor-joining method and complete deletion of gaps/missing data.
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